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Abstract
Using a cDNA microarraycontaining7943 ESTs, the behaviorof the maize root transcriptomehas been monitored
in a time course for 72 h after imposition of salinity stress (150 mM NaCl). Under these conditions, root sodium
amountsincreasedfasterthaninleaves, androotpotassiumdecreasedsigniﬁcantly.Althoughtheoverallfreeamino
acid concentration was not affected, amino acid composition was changed with proline and asparagine increasing.
Microarray analysis identiﬁed 916 ESTs representing genes whose steady-state RNA levels were signiﬁcantly
altered at various time points, corresponding to 11% of the ESTs printed. The response of the transcriptome to
sub-lethal salt stress was rapid and transient, leading to a burst of changes at the three-hour time point. The salt-
regulatedESTsrepresented472tentativelyuniquegenes(TUGs), which, basedonfunctionalcategoryanalysis, are
involvedina broadrangeofcellularandbiochemicalactivities, prominentamongstwhichweretransportandsignal
transduction pathways. Clustering of regulated transcripts based on the timing and duration of changes suggests a
structuredsuccessionofinductionandrepressionforsaltresponsivegenesinmultiplesignalandresponsecascades.
Within this framework, 16 signaling molecules, including six protein kinases, two protein phosphatases and eight
transcription factors, were regulated with distinct expression patterns by high salinity.
Introduction
High soil salinity constitutes abiotic stress, which can
impair plant growth and development and limit agri-
cultural productivity. Worldwide, about one ﬁfth of
all cultivated land and nearly half the irrigated area
are affected by salinity (Rhoades and Loveday, 1990).
Under conditions of high salinity, plants experience
two kinds of stresses: ionic, in which high amounts
primarily of sodium in the soil disrupt cellular ion
homeostasis,andosmotic, inwhichincreasedamounts
of sodium reduce water availability by decreasing the
osmotic potential of the soil. High salinity also el-
evates oxidative stress, as plants attempt to regain
homeostasis and redox control, repair damage, and
adjust metabolism (Asada, 1994; Noctor and Foyer,
1998; Halliwell and Gutteridge, 1999).
In order to adapt to, and then survive in, highly
saline environments, plants must modulate biochem-
ical activities and development based on stress sens-
ing and salt stress-responsive signal transduction
(Hasegawa et al., 2000; Shinozaki and Yamaguchi-
Shinozaki, 2000; Zhu, 2001; Zhu, 2002). Among
the most prevalent adaptive responses are attempts
to achieve ion and water homeostasis, to attain os-
motic adjustment, and to enhance protective measures
that reduce oxidative damage. Different species have
evolved alternative pathways for protection, such as
thoseleadingtoeitherNa+ exclusionorvacuolarcom-874
partmentalization, to the accumulation of a variety of
compatible solutes, or to the production of enzymatic
scavengersof reactive oxygenspecies (ROS) (Bohnert
and Shen, 1999; Blumwald, 2000; Hasegawa et al.,
2000; Zhu, 2002). A variety of approaches over the
past decades have identiﬁed many genes whose tran-
scripts are modulated in abundance by salt stress (see
Hasegawaetal., 2000,forareview),andwearebegin-
ningto gainan understandingof the molecularcircuits
that regulate responses. Evidence has emerged indi-
cating the involvement of several signal, transduction
pathways, based on the detection of ABA-dependent
and -independent pathways with osmotic, ionic, and
oxidative stress-dependent sensing and response com-
ponents (Liu et al., 1998; Kasuga et al., 1999; Kovtun
et al., 2000; Zhu, 2002). Dynamically regulated re-
sponses are also implicated in the response of plants
to low-temperature and freezing stresses (Fowler and
Thomashow, 2002; M. Nouzova, M. Deyholos and
D.W. Galbraith, unpublished). However, we remain
largely ignorant of the way in which global responses
to abiotic stresses are dynamically coordinated. In
part, this has been due to a lack of appropriate ex-
perimental methods to sample such responses in the
past.
With the advent of high-throughput methods for
expression analysis it is now possible to thoroughly
characterize transcriptome responses to speciﬁc per-
turbations. Furthermore, cDNA microarrays can be
used to gain information about genes whose function
is unknown, through clustering of the observed pat-
terns of microarray expression using statistical meth-
ods such as self-organizing maps (Tamayo et al.,
1999), k-tuple means clustering, or hierarchical clus-
tering (Eisen et al., 1998; Wen et al., 1998). In this
way, the association with genes whose function is
known for functionally unknown or novel genes in
clusters can be used to provideclues about the roles of
the unknown genes in biological processes (Lockhart
and Winzeler, 2000).
We describe here the assembly of EST-based mi-
croarrays, which include transcripts from 4122 genes,
predominantly from salt-stressed young corn plants,
leaves and roots. These microarrays were used to ex-
amine global transcript abundance changes of maize
to salt stress. The results (1) provide a detailed char-
acterization of the changes in transcript abundance
followingsalt shocktreatment, (2)supportthe concept
of a succession of gene expressionchangesthatﬁt into
alogicalframeworkofsensing, signalingandresponse
networks, and (3) identify a number of novel genes
that are correlated with the salt shock response. Iden-
tiﬁcation of a succession of gene expression changes
begins to trace the underlying regulatory network
of salt-responsive genes and should allow us to de-
ﬁne a response hierarchy that reﬂects mechanisms of
tolerance or avoidance of salinity stress.
Materials and methods
Plant materials
Zea mays L. (cv. B73) seeds were germinated in sand
in a growth chamber (23–28 ◦C, 12 h light, PPFD
300–400 µEm −2s −1). After germination, plants
were grown in hydroponic tanks with aeration at 23–
28 ◦C as above. The plants were supplied with 1×
Hoagland’snutrientsolution,supplementedwith 0.5%
Fe-sequestrene (4 ml/l), 6 mM K+ and 4 mM Ca2+.
After four weeks, the plants were treated by adding
1× Hoagland’ssolution containing 150 mM NaCl and
1m MC a C l 2. Plants were treated at 08:00, and root
and leaf tissues of eight plants were harvested 1, 3,
6, 12, 24, and 72 h after salt stress. All materials
were frozen in N2. Prior to freezing, the roots were
washed in distilled water. Control (unstressed) plants
were grown under identical conditions, and were har-
vested at the same time points as the stressed plants,
to exclude variation due to diurnal and circadian
rhythms.
cDNA library construction
About 5 µg of poly(A)+ RNA from the salt stressed
roots and leaves, harvested from 10-day old maize
plants after 24 h of stress with 150 mM NaCl, were
employed for cDNA synthesis with a cDNA synthesis
kit (#200401, Stratagene, La Jolla, CA). An oligo-
dT linker-primer carrying an XhoI cloning site was
used for ﬁrst-strand cDNA synthesis. The 5  end of
each cDNA was ligated to an adaptor containing an
EcoRI-compatible overhang. About 10 ng of cDNA
was unidirectionally ligated into the EcoRI and XhoI
sites of pBluescript II SK(+) phagemid (20 ng).
Maize array assembly
The ligated cDNAs in pBluescript II SK(+)w e r e
used to transform XL10-Gold Escherichia coli (Strat-
agene). Bacteria were plated on agarcontainingIPTG,
X-gal and ampicillin (60 µg/ml), grown overnight at
37 ◦C, andwhitecolonieswerepickedinto96-wellLB875
liquid medium plates with ampicillin. After overnight
growth, bacteria from individual wells were replicated
onto 96-well agar plates containing ampicillin. These
colonies served as templates for PCR ampliﬁcation in
96-well plates in 50 µl reaction volume. Universal
primers, T7 (5 -NH2-TAATACgACTCACTATAggg-
3 )a n dT 3( 5  -NH2-AATTAACCCTCACTAAAggg-
3 ) were used. Amplicon quality, sizes, and quanti-
ties were determined by electrophoresis (1% agarose
TAE gels). Amplicons were redistributed into 96-well
plates, retaining those with an insert size >400 bp,
and DNA was puriﬁed (Millipore, Bedford, MA; Cat#
MAFNOB). cDNAs were suspended in 5 µl2 × SSC
before microarray printing. Aminoalkylsilane coated
slides (Cat# S-7934; Sigma, St. Louis, MO) were
printed with using an Omnigrid (GeneMachines, San
Carlos, CA) equipped with four printing pins (Majer-
3, Majer Precision, Tempe, AZ). Microarray slides
contained 7943 maize ESTs representing 4122 TUGs.
Slides included four subgrids of 48 columns and 42
rows, duplicated on each slide. Five human spiking
control cDNAs were printed within the last row of
each subgrid.
RNA isolation and target labeling
Root tissues were ground in liquid nitrogen. Total
RNA was extracted from 3–5 g of ground maize
root tissues with 10 ml of Trizol reagent (BRL Life
Technology). mRNA isolation was performed with
the Poly(A) Track kit (Promega, Madison, WI). Tar-
get production for microarray hybridization was per-
formedbyincorporationofﬂuorescentnucleotideana-
logues during ﬁrst-strand reverse transcription with
mRNA templates. The ﬁnal composition of each reac-
tion mixture(50 µl) was: 2 µgm R N A ,2µg oligo(dT)
primers, 0.6 mM each of dATP, dCTP, and dGTP,
0.06 mM dTTP, 0.03 mM of either Cy3-dUTP or
Cy5-dUTP (Amersham-Pharmacia) and 400 units of
reverse transcriptase (Superscript II; Gibco) in 1× re-
action buffer. The reaction mixtures were heated to
65 ◦C for10 min and quenchedon ice prior to addition
of ﬂuorescent nucleotide and reverse transcriptase.
The mixture was then incubated for 5 min at 42 ◦C.
Finally, 400 units of reverse transcriptase were added.
The ﬁnal mixture was incubated at 42 ◦C for 90 min.
RNase was then added and the mixture incubated for
15 min at 37 ◦C. The ﬂuorescent targets were puriﬁed
with a Qiagen PCR puriﬁcation spin column (Qia-
gen, Valencia, CA) according to the manufacturer’s
instructions. Targets were precipitated overnight after
adding 0.1 volume of 3 M sodium acetate (pH 5.2),
and 1 volume of isopropanol at −20 ◦C, collected by
centrifugation, washed with 75% ethanol, and dried.
They were dissolved in hybridization buffer contain-
ing 0.25% nonfat dry milk, 5× SSC, 0.1% SDS, and
50% formamide.
Maize cDNA microarray hybridizations and data
analysis
To avoid bias in the microarray evaluation as a
consequence of dye-related differences in labeling
efﬁciency and/or differences in recording ﬂuores-
cence signals, dye labeling for each paired sample
(stressed/control) was reversed in two individual hy-
bridizations. To avoid possible effects of diurnal or
circadian rhythms, tissues from treatment and control
plants were harvested at identical time points (Harmer
et al., 2000; Schaffer et al., 2001). To account for dif-
ferences among plants, tissues from eight plants were
combined prior to RNA extraction. Two independent
hybridizations were performed for pairs of biologi-
cal samples at the various time points of the stress
treatment. Dye-reversal hybridizations generated four
ﬂuorescence ratio data points for each cDNA element
printed.
Prior to hybridization, microarrays were rehy-
dratedbyplacingthem fora few secondsovera beaker
containing water at 40 ◦C, with the cDNA array side
of the slide facing the water. After appearance of a
layer of fog on the slide surface, slides were removed,
dried brieﬂy onto a 70 ◦C heating block, and DNA
was UV-cross-linked at 65 mJ (Stratalinker; Strata-
gene, La Jolla, CA). The slides were incubated in 1%
SDS (2 min) and 95 ◦C water (2 min), then dried by
centrifugation in a swinging bucket rotor at 1000 rpm.
The ﬂuorescent targets were denatured (5 min, 95 ◦C)
and 10 µl was applied to the slides, which were then
covered with a coverslip (Sigma, Cat# Z36, 590-4).
Hybridizations were for 12–16 h at 42 ◦C in high hu-
midity. Slides were washed in 2× SSC, 0.1% SDS
(5 min), 0.1× SSC, 0.1% SDS (10 min), and 0.1×
SSC (2 min) and dried by centrifugation.
The signal intensity for each array element was
captured by scanning with a ScanArray 3000 (GSI-
Lumonics,Billerica, MA). The images were ana-
lyzed using ImaGene 4.1 software (BioDiscovery,Los
Angeles, CA). The scanned data were normalized
globally, assuming that the values of log2 (treat-
ment/control) for most genes should be close to zero
(Deyholos and Galbraith, 2001). The cutoff score for876
up- or down-regulation was deﬁned using criteria that
were applied to the mean values of the 4 data sets
produced by dye-reversal hybridizations: if the log2
ratio of salt-stress/control for a particular array ele-
mentwas≥ 0.8(+1.8-fold)anditsCV was≤30%,the
elementwasclassiﬁed asup-regulated.Ifthelog2 ratio
of salt/control was ≤–0.8 (–1.8-fold) and its CV was
≤30%, the element was classiﬁed as down-regulated.
cDNA sequencing, sequence editing, annotation and
cluster analysis
Bacteria picked from archived glycerol stocks were
re-grown on agar plates in 96-well format. PCR am-
pliﬁcation was performed directly by adding 2 µl
E. coli culture as template in 96-well plates with
T7 (5 -TAATACgACTCACTATAggg-3 )a n dT 3( 5  -
AATTAACCCTCACTAAAggg-3 ) universal primers.
Amplicon quality and quantities were determined by
agarose gel electrophoresis. Amplicons were puriﬁed
with the Millipore PCR puriﬁcation kit as previously
described, and were eluted in 120 µl1m MT r i s -
HCl pH 8.0. DNA sequencing was done with the
SK primer and an ABI 3700 automated DNA se-
quencer (Applied BioSystems, Foster City, CA). Se-
quence data and trace ﬁles were processed with the
PHRED basecaller (Ewing and Green, 1998; Ew-
ing et al., 1998). The sequence ﬁle was assembled
with PHRAP and cross-matched to remove vector
sequences. The edited nucleotide sequences of the
individual ESTs were employed in searches against
the GenBank non-redundantprotein database with the
Blastx program, with default parameters (Expect 10,
Word size 3, Matrix BLOSUM62, Gap costs: Exis-
tence 11, Extension 1; Altschul et al., 1997). The
top match (an E value < 1e–10 as cutoff score) was
selected and annotated as a potential homologue of
the EST sequence. Contig assembly was done with
TIGR Assembler 2.0 (Sutton et al., 1995) and single-
tons were blasted with the Blastn program against the
maize database at http://www.zmdb.iastate.edu. The
ratios of salt/control (signal intensity) for all up- or
down-regulated ESTs were converted into log2 ratios.
Cluster analysis for the 916 ESTs that were classi-
ﬁed as being up- or down-regulatedwas done with the
k-tuple means function (Eisen et al., 1998).
Semi-quantitive RT-PCR
DNase-treated RNAs from roots, control and 24 h
300 mM NaCl, were used for cDNA synthesis
with 15 µg total RNA (42 ◦C, 2 h; 2.5 µg
oligo-dT primers (Invitrogen), 0.8 mM dNTP,
10 mM DTT, 2 µl Superscript RNase H-/reverse
transcriptase (Invitrogen)) in 60 µl1 × reaction
buffer. PCR reactions were done with gene -
peciﬁc primers for actin-1 (accession number J01238;
forward primer ATCCTGACACTGAAGTACCC, re-
verse primer TCACACCATCACCTGAATCC), RAB-
17(X15290;GAAGGAGGAAGAAGGGAATCAand
GGGCAGCTTCTCCTTGATCT), G-box bindingfac-
tor 1 (U10270; CAACACTGCTTTTCAGCTCC and
CGCTTCAATTCCCTCTCATC), nicotianamine syn-
thase (AB061270; TTGACCTCCTTGTCCGCTAC
and CACACCGATCGTAGTTGTCG),glutaminesyn-
thase (D14576;AAGCTGCCCAAGTGGAACTA and
CTCCTGAATGGGTCCTTGAA), and sucrose syn-
thase (X02382; CCCTTCAATGCCTCCTTTCCTC
and TCAACATCATCGTCGTGCCC). A suitable
PCR cycle number was determined in a dilution series
(1, 1/2, 1/4, 1/8, 1/16) of cDNA products, and PCR
ampliﬁcation below saturation was obtained at 1/4 di-
lution with 30 cycles. PCR reactions were done with
5 µl of cDNA template and 0.5 µM of each forward
and reverse of primers in 50 µlo f1 × PCR-master
mix (Eppendorf, NY) (94 ◦C for 30 s, 50 ◦C for 30 s,
and 72 ◦C for 1.5 min). Reaction products from cy-
cles 25–33 were separated on 1% agarose gels in TE
buffer; cycles 27 and 30 are shown; and intensities
were determined by NIH-image.
Cation content
Tissues ground in liquid nitrogen were extracted with
solvent (chloroform/ethanol/water3:5:1). The extracts
were centrifuged, and the supernatant passed through
a nylon ﬁlter (0.2 µm, Gelman). Aliquots (100 µl)
were injected into HPLC (Dionex, Sunnyvale, CA)
for measurement. Separation and analysis of cations
were performed on an IonPac CS14 column, with an
IonPac CG14 guard column. The elutant was 10 mM
methanesulfonic acid at a ﬂow rate of 1.0 ml/min.
Cations were detected by conductivity measurements
(Adams et al., 1993).
Analysis of free amino acids
Samples (500 mg) of powdered leaf and root tis-
sues were homogenized in 5 ml extraction solution
(methanol/chloroform/water 4:5:1). The mixture was
transferred into 20 ml Cortex tubes, incubated on ice
for 20 min, and then centrifuged at 10000 rpm. The
aqueous phase collected and the organic phase was
re-extracted by addition of 5 ml extraction solution877
Figure 1. Evaluation of microarray hybridizations. A. A compari-
son of two independent experiments, in which maize plants were
grown under identical conditions and received treatment of salt
stress for 3 h. X-axis (Experiment 1) is the mean of 4 data sets (the
ratio of log2 (salt/control)). Y-axis (Experiment 2) is the mean of 4
different data sets (the ratio of log2 (salt/control)). B. The histogram
of log2 ratios of expression from salt stressed and control maize
plants. The value is the average of 4 data sets (log2 (salt/control)).
The broken lines indicate cutoff values for up- or down-regulation.
and 2 ml sterile water. Aqueous phases were com-
bined and extracted with 3 ml chloroform. The ﬁnal
aqueous phase was recovered and dried. The dried ex-
tractswere re-suspendedin 1 ml double-distilledH2O.
Aliquots of the extracts were analyzed for free amino
acids with a Beckman 7300 amino acid analyzer.
Results
We assembled microarray slides with ESTs, most of
which were derived from cDNA libraries of roots of
young maize plants (Zea mays L. cv. B73) that had
been stressed by the addition of 150 mM NaCl to the
nutrientsolutionforvariouslengthoftimes. Theslides
were then used in hybridization of transcripts isolated
from either unstressed root tissue or from roots that
were stressed for various time periods, from 1 to 72 h.
Control and stress tissues were always harvested at
the same time point. To test reproducibility of the mi-
croarraydata, we comparedresultsoftwo independent
replicate experiments. Here we present a comparison
of the 3 h NaCl treatments, since transcripts were gen-
erally the most responsive to stress at this time point.
Plants were grown at different times under otherwise
identical experimental conditions. Figure 1 indicates
that 97.5% of the microarray ratio values localized
within ca. 0.8 log2 (salt/control; r2 = 0.36). Based on
the total number of regulated ESTs, 556 in total, from
3 h salt-stress repeat experiments, the regression coef-
ﬁcient r2 = 0.90 resulted demonstrating consistency
of measurements between experiments. Furthermore,
as shown in Table 1, the behavior of a number of ele-
ments encoding known functions was consistent with
known salinity stress-dependent regulation. We chose
a cutoff of ca. 1.8-foldas the threshold of signiﬁcance,
which resulted in 334 (out of 422) up-regulated ESTs
and 110 (of 134) down-regulated ESTs in maize roots
after the 3 h salt stress.
As shown in the supplementary data, different
ESTs related to a given contig showed very sim-
ilar expression patterns and generally clustered to-
gether although the ESTs were typically derived from
different regions of a gene sequence. Also, many
stress-responsive genes were regulated at consecu-
tive time points, demonstrating the consistency of
the microarray results in reporting biologically mean-
ingful phenomena. The population of ratio values
(stressed/control, from the mean over four repli-
cates) formed a nearly normal distribution (Figure 1),
slightly skewed towards values greater than 0.8 of
log2 (salt/control). This is most likely due to the
fact that the microarray elements were derived from
cDNA libraries made from salt-stressed tissues. The
microarray results were further validated by exam-
ination of the concordance of their annotation with
lists of annotations of genes previously reported to
be salt-regulated in plant species. As shown in Ta-
ble 1, a number of salt up-regulated genes reported
in, for example, M. crystallinum (Cushman et al.,
1989; Fisslthaler et al., 1995; Ishitani et al., 1996), in-
cludingfourdifferentPEPcarboxykinases(AI855368,
BQ619252gh, BQ619239i, BQ619490), one PEP car-
boxylase(BQ619525),threemyo-inositol1-phosphate
synthases (BQ619226, BQ619354, AF056326), and
three pyruvate,orthophosphate dikinases (M58655,878
Table 1. Microarray-based regulation of transcripts known to be salt-responsive.
Accession Gene name Folda regulated by salt stress in maize Clonesb Reference
1h 3h 6h 1 2h 2 4h 7 2h
AI920345 ABA- and stress-induced protein 1 1.6 3.3 1.9 0.8 1.1 0.9 13 Vaidyanathan et al. (1999)
BQ619280 ABA- and stress-induced protein 2 1.5 2.3 1.6 0.9 1.1 0.9 1 Vaidyanathan et al. (1999)
BQ619476 Dehydrin, ERD15 1.5 2.4 1.5 0.9 0.9 1.0 1 Kiyosue et al. (1994)
BQ619007 RAB-17 protein 1.9 5.3 3.7 3.5 4.1 2.3 6P l a n a et al. (1991)
BQ619007 Superoxide dismutase (Mn) SOD 1.3 2.1 2.3 1.3 1.4 1.3 1 Hasegawa et al. (2001)
BQ619059 Ascorbate peroxidase 1 1.2 1.2 1.1 1.1 1.9 1.7 1 Hasegawa et al. (2001)
AI947629 Ascorbate peroxidase 2 1.0 1.2 1.2 1.1 2.1 1.4 1 Hasegawa et al. (2001)
AI947728 Sucrose synthase 1 1.4 2.6 1.3 1.7 1.5 1.2 1 Dejardin et al. (1999)
BQ618909 Sucrose synthase 2 1.3 1.5 3.0 1.4 1.2 1.1 3 Dejardin et al. (1999)
BQ619092 Sucrose synthase 3 1.3 1.6 3.1 1.3 1.3 1.1 3 Dejardin et al. (1999)
BQ618985 Sucrose synthase 4 1.5 1.8 2.9 1.8 1.2 1.3 1 Dejardin et al. (1999)
BQ619018 Alcohol dehydrogenase 1.3 1.6 2.8 1.2 1.3 1.6 7 Brosche et al. (1999)
AI855368 PEP carboxykinase 1 0.9 2.3 3.3 1.4 1.3 0.9 1 Cushman et al. (1989)
BQ619252 PEP carboxykinase 2 0.9 1.9 1.7 1.1 0.7 0.8 2 Cushman et al. (1989)
BQ619239 PEP carboxykinase 3 0.8 2.5 1.9 1.2 0.8 0.8 3 Cushman et al. (1989)
BQ619490 PEP carboxykinase 4 1.1 1.8 1.7 1.3 0.9 1.2 1 Cushman et al. (1989)
BQ619525 PEP carboxylase 0.8 1.6 1.4 2.1 1.1 1.2 1 Cushman et al. (1989)
BQ619226 Myo-inositol 1-phosphate synthase1 0.9 1.5 1.7 1.3 1.8 1.2 1 Ishitani et al. (1996)
BQ619354 Myo-inositol 1-phosphate synthase 2 1.1 1.8 2.5 1.4 2.1 1.2 1 Ishitani et al. (1996)
AF056326 Myo-inositol-1-phosphate synthase 3 1.1 1.6 3.4 1.2 2.4 1.2 1 Ishitani et al. (1996)
M58655 Pyruvate,orthophosphate dikinase 1 1.5 3.5 4.7 4.1 1.2 1.8 1 Fisslthaler et al. (1995)
BQ619392 Pyruvate,orthophosphate dikinase 2 1.4 2.5 2.3 2.5 1.3 1.5 2 Fisslthaler et al. (1995)
BQ619317 Pyruvate,orthophosphate dikinase 3 1.2 2.3 2.4 1.9 1.3 1.3 24 Fisslthaler et al. (1995)
BQ619141 Lipoxygenase 1 1.3 1.9 0.8 0.8 1.4 1.3 1 Ben-Hayyim et al. (2001)
BQ618974 Lipoxygenase 2 1.3 2.8 0.9 1.1 1.2 0.7 1 Ben-Hayyim et al. (2001)
AI947800 ZmPIP1-3 0.9 1.3 1.2 0.5 0.8 1.0 1 Yamada et al. (1995)
BQ618987 ZmPIP1-4 1.0 1.4 1.2 0.5 0.9 0.8 2 Yamada et al. (1995)
AI948319 ZmPIP1-5 0.8 1.0 0.9 0.5 0.7 0.9 3 Yamada et al. (1995)
AAK26757 ZmPIP1-6 0.8 0.7 0.6 0.4 0.7 0.7 1 Yamada et al. (1995)
AI857220 ZmPIP2-1 0.9 1.1 0.9 0.5 0.8 0.7 2 Yamada et al. (1995)
BQ619518 ZmPIP2-3 1.0 0.9 0.8 0.5 0.6 0.7 2 Yamada et al. (1995)
AI947831 ZmPIP2-4 0.9 0.9 0.7 0.5 0.7 0.7 2 Yamada et al. (1995)
BQ619503 ZmTIP1 0.8 1.0 1.0 0.6 0.7 0.7 2 Yamada et al. (1995)
AI948211 ZmTIP2-1 0.9 0.8 0.8 0.5 0.6 0.8 1 Yamada et al. (1995)
aThe values (log2 ratios of salt treatment/control) of gene expression regulated by salt stress at various time points are the average of all
EST clones in a given contig.
bThe number of clones in the contig.
Genes with the same name in the table represent different isoforms according to contig analysis.
BQ619392j, BQ619317k) identify maize orthologues
that are up-regulated during salt stress. Genes that
are annotated as enzymatic ROS scavengers, such
as two ascorbate peroxidases (BQ619059, AI947629)
and one (mitochondrial) superoxide dismutase (Mn-
SOD; BQ619487) also exhibited salt-regulated ex-
pression patterns as observed in several other species
(Hasegawa et al., 2001). Equivalent patterns of reg-
ulation are also observed for genes encoding pro-
teins of unknown functions, such as those annotated
as ABA- and stress-induced proteins (AI920345c,
BQ619280), dehydrin ERD15 (BQ619476), or the
RAB-17 protein (BQ619007d), that have previously
been described as being up-regulated in maize (Plana
et al., 1991; Kiyosue et al., 1994). Four different su-
crose synthases (AI947728, BQ618909e, BQ619092f,
BQ618985) were differentially up-regulated in maize
under salt stress. Sucrose synthase has been reported879
Table 2. Cation content in maize tissues under salt stress.
Maize tissues Na+ Ca2+ K+
Control leaves 8.6 ± 0.4 5.9 ± 0.6 148.4 ± 7.3
1h 8 . 1± 3.4 6.4 ± 0.1 168.7 ± 3.7
3h 7 . 6± 3.9 6.5 ± 0.6 166.2 ± 8.1
6h 9 . 9± 3.9 6.3 ± 0.5 165.7 ± 4.6
12 h 19.5a ± 0.3 5.9 ± 0.5 160.8 ± 6.7
24 h 25.3a,b ± 1.3 7.0 ± 0.5 150.2 ± 3.4
72 h 48.3a,c ± 5.8 5.3 ± 0.0 158.8 ± 8.3
Control roots 6.9 ± 1.9 2.1 ± 0.6 64.0 ± 0.3
1 h 19.3b ± 2.2 1.7 ± 0.4 68.3 ± 3.4
3 h 28.3b,c ± 5.8 1.6 ± 0.5 67.5 ± 1.4
6 h 37.0bb,d ± 6.2 2.0 ± 0.2 71.3 ± 2.0
12 h 56.4b,e ± 5.8 1.7 ± 0.2 67.5 ± 3.7
24 h 84.3b,f ± 2.0 1.6 ± 0.3 64.2 ± 6.0
Cation amounts in maize roots and leaves were analyzed by HPLC
(Adams et al., 1992) after 150 mM NaCl. Cation concentration
is expressed as µmol [cation] per gram fresh weight. Values are
mean ± SD of two independent experiments.
aMean of Na+ content in leaves after 12 h is signiﬁcantly different
from that in control leaves at P<0.05.
bMean of Na+ content in roots after 1 h is signiﬁcantly different
from that in control roots at P<0.05.
cMean of K+ content in roots after 72 h is signiﬁcantly different
from that in control roots at P<0.05.
Statistical analyses by analysis of variance.
to be stress-regulatedin Arabidopsisand may function
in the adjustment of sugar/osmoticum levels. These
genes might alternatively be up-regulated as a con-
sequence of the stress-dependent increase of sucrose
that is not used for growth or seed ﬁlling (Dejardin
et al., 1999). Finally, genes encoding aquaporins have
been reportedto be down-regulatedin M. crystallinum
in response to salt stress (Yamada et al., 1995).
In our experiments, seven plasma membrane aqua-
porin transcripts (AI947800, BQ618987, AI948319,
AAK26757, AI857220, BQ619518, AI947831) and
three tonoplast aquaporins (BQ619172, BQ619503,
AI948211), were down-regulated by salt stress. Taken
together, the results are consistent with established
dataonsalinity stress-relatedplantreactions. Theyim-
ply that the microarrays can be expected to report real
changes, and that the data can be conﬁdently used to
characterize global gene expression responses.
Analysis of cation contents under salt stress
An immediate and primary effect of the imposition
of salt stress is a perturbation in tissue cation levels.
To determine how Na+ accumulated under our experi-
mentalconditions,andhowtheconcentrationsofother
cations (such as Ca2+ or K+) might be affected by
Na+ accumulation, cation contents of maize roots and
leaves were measured at varioustime points following
imposition of salt stress. Na+ accumulated rapidly in
roots (Table 2), increasing from 6.9 to 19.3 µmol per
gram fresh weight within 1 h of salt stress and con-
tinued to increase over time. After 72 h of stress Na+
accumulatedto 104µmol/g, representinga ca. 15-fold
increase as compared to the control. In contrast, Na+
accumulation in leaves was delayed and did not reach
the level observed for roots. During the initial 6 h of
NaCl stress, no signiﬁcant Na+ accumulation was de-
tected. Only after 12 h could an increase be observed
by ca. 2.3-fold (from 8.6 µmol/g to 19.5 µmol/g).
After 72 h Na+ had accumulated to 48.3 µmol/g in
leaves, a factor of 5.6-fold as compared to the control.
The amount of Ca2+ in maize leaves and roots was
not signiﬁcantly affected by the Na+accumulation in
the experiments. However, amounts of K+ in maize
roots were signiﬁcantly decreased by Na+ accumu-
lation after long-term salinity stress. After 72 h of
stress treatment, the K+ level of roots decreased from
65 to 44 µmol/g yet the K+ content of leaves was
unaffected.
Analysis of free amino acids
A frequently observed response to the osmotic stress
component of salt stress is the accumulation of free
amino acids that seem to act as osmolytesor osmopro-
tectants (Stewart and Larher, 1980; Bohnert and Shen,
1999). We therefore examined the free amino acid
contents of maize root and leaf tissues after 72 h of
stress. In both tissues, the total amount of free amino
acids did not changed after NaCl stress at 150 mM
(Table 3). However, the composition of amino acids
changed. In unstressed roots, glutamine and glutamate
were the major amino acid components, represent-
ing ca. 45% of the total amino acid pool. After 72 h
growth in 150 mM NaCl, asparagine, increasing from
1383 to 2942 nmol per gram fresh weight, and serine
(from 837 to 1274.1 nmol/g) became major compo-
nents, accountingfor 43%of the rootaminoacid pool.
In unstressed leaves, alanine, serine and glutamate
contributed to 65% of the total free amino acid pool,
while, after 72 h of stress, the major amino acids were
alanine (decreased from 9517.6 to 5374.9nmol/g), as-
paragine (from 2264.3 to 5226.1 nmol/g) and serine
(no change) comprising 63% of the total free amino
acid pool. By contrast, glutamine decreases after 72 h
of stress in roots (from 3032.45 to 1081.27 nmol/g)880
Table 3. Major amino acids in maize tissues under salt stress.
Amino acid Roots Leaves
control 72 h stress control 72 h stress
Aspartate 1053.94 929.78 1175.76 867.47
Threonine 233.10 256.33 573.02 667.11
Serine 837.04 1274.09 5238.60 5230.95
Asparagine 1382.50 2941.96 2264.33 5226.10
Glutamate 1501.56 1094.28 3978.82 2953.58
Glutamine 3032.45 1081.27 813.50 526.46
Glycine 236.55 150.17 3021.42 2240.18
Alanine 1215.57 953.92 9517.56 5374.89
Valine 245.34 187.38 401.84 343.99
Histidine 117.70 136.53 103.27 192.05
Proline ND 466.71 ND 228.70
Totala 10347.99 9870.13 28583.30 25164.15
The amino acid amounts are shown as nmol per gram fresh
weight. Only major amino acids are presented. Maize plants
were grown hydroponically and stressed with 150 mM NaCl
for 72 h. ND, not detected.
aIncluding all other amino acids which amounted to less than
10% of the total.
andin leaves(from813.50to 526.46nmol/g).Thisde-
crease in glutamine mirrored a decrease in abundance
of glutamine synthetase transcripts (BQ618937 etc.,
14 ESTs representing one gene; see the supplemen-
tary data), the enzyme that catalyzes the synthesis of
glutamine from glutamate.
The accumulation of proline is shown by many
plant species, and this is frequently taken as an in-
dicator of plant adaptive responses to high salinity
stress (Stewart and Larher, 1980; Saneoka et al.,
1995; Bohnert and Shen, 1999). In unstressed tissues
the amounts of free proline were below the detec-
tion threshold. This changed during the stress period
with amounts increasing to 467 nmol/g (roots) and
229 nmol/g (leaves).
Dynamic responses of the maize root transcriptome
during salt shock
The dynamic behaviorof the maize roottranscriptome
in response to high salinity stress is illustrated by scat-
ter plots (Figure 2). They represent the clone serial
numbers vs. the mean value of the stress to control
ratio, expressed as log2 value, for each EST. One ob-
vious trend was that of a time-dependent number of
signiﬁcantly up- and down-regulated ESTs. After 1 h
of salt stress 45 up-regulated and 13 down-regulated
ESTs were observed that satisﬁed the cutoff score pre-
viously described, while 99.3% of EST clones were
Figure 2. Transcriptome behavior during salt stress. In the scatter
plots, the X-axis lists serial numbers of ESTs printed on the slide.
The Y-axis represents the log2 (salt/control) of maize roots. The
log2 ratios are the mean of four data sets generated by two inde-
pendent dye-swapped hybridizations. Each plot represents one time
point (1, 3, 72 h) after adding 150 mM NaCl.
within ±0.8 value of log2 (salt/control) (i.e., a change
of less than 1.8-fold). The greatest degree of tran-
scriptome perturbation was observed after 3 h salt
stress. About 7% of the total ESTs printed on the
microarrays detected signiﬁcant changes in transcript
abundance, with 422 ESTs detecting up-regulation,
and 134 ESTs reporting down-regulation. Over time,
perturbation gradually decreased, and after 72 h of
stress 98.8% of the ESTs were within ±0.8 value of
the log2 (salt/control). By this time the plants had re-
sumed growth but were stunted with respect to control
plants.881
Figure 3. Trends of regulated transcripts during salt stress. The
X-axis lists the time course of salt stress, the Y-axis shows the
number of regulated ESTs, which were selected from each time
point after microarray data analysis based on the cutoff score (see
Materials and methods).
The analysis of regulated ESTs at each time point
(Figure 3) revealed that 45, 422, 304, 130, 101 and 31
clones were up-regulated after 1, 3, 6, 12, 24 and 72
h of 150 mM NaCl stress, respectively, representing
611 differentESTs (overlappingrate 40.9%). Also 13,
134, 122, 113, 113 and 69 ESTs, respectively, were
down-regulated at each time point, representing 305
different EST clones (overlapping rate 45.9%). The
total up or down regulatedESTs at varioustime points
in maize roots obtained from microarray expression
analysis were 916, representing about 11% of 7943
ESTs printed on slides.
The gene expression patterns were classiﬁed into
categories by cluster analysis (Eisen et al., 1998) with
the up-regulated (611 ESTs) and down-regulated (305
ESTs) transcripts being grouped into classes based
on expression patterns, using the k-tuple means clus-
tering method, which relies on pairwise correlation
statistics. The cluster assignments for up- and down-
regulated transcripts (Figure 4) are further detailed in
the supplementary data.
Functional categories of regulated genes
cDNA clones whose expression changed equal to or
greater than ±1.8-fold were subsequently sequenced
from their 5  ends. The edited cDNA sequences were
compared to non-redundant protein databases using
the Blastx program with default parameters, and used
for functional annotations. The TIGR Assembler 2.0
was used to identify and assign ESTs that represent
the same gene (Sutton et al., 1995). For further con-
ﬁrmation, the contig sequences and singletons were
individually compared to the ZmDB EST database
(http://www.zmdb.iastate.edu).In thisway the 611up-
regulated ESTs and 305 down-regulated ESTs were
assigned into 315 (51.6%) and 157 (51.5%) TUGs,
respectively. The 916 up- and down-regulated ESTs
represented 472 TUGs.
The putatively unique genes were assigned into
functional categories based on the Arabidopsis MIPS
functional category denomination(http://mips.gsf.de).
Table 4 identiﬁes472 TUGs, which were down-or up-
regulatedbysaltstress. Theyrepresenttranscriptsfora
broad spectrum of biochemical, cellular and signaling
processes, ranging from metabolism, protein synthe-
sis and degradation, cell division and growth, cell
defense and rescue, transport facilitation and signal
transduction.
Among the category of down-regulated genes (Ta-
ble 4), 76 out of 157 were related to unclassiﬁed
proteins (48.4%). Unclassiﬁed proteins (76) were fur-
ther classiﬁed into 38 genes with putative functions
that have not been characterized in plants, 18 novel
genes that show no hit when compared to GenBank
NR protein database entries, and 20 unknown pro-
teins, whose top matches are with unknown proteins,
predicted proteins or hypothetical proteins. The re-
maining 81 down-regulated genes have been assigned
somefunctionincategoriesofcellgrowthanddivision
(7 genes), cell rescue, defense and death (13 genes),
energy (4 genes), metabolism (26), protein synthesis
(5 genes), signal transduction (12 genes) and trans-
port facilitation (14 genes). Interestingly, a number of
genes in the categories cell rescue, defense, and sig-
nal transduction are suppressed early compared with
genes in the categories metabolism and transport fa-
cilitation. Nine of 13 genes involved in cell rescue,
defense, and 8 out of 12 signaling molecules were
suppressed at 1 and 3 h, while 22 of 26 genes involved
in metabolism were suppressed at 6 h, and 13 out of
14 genes associated with transport facilitation were
suppressed at the 12 h time point.
In the category of up-regulated genes (Table 4),
183 of 315 transcripts highlight unclassiﬁed proteins
of unknown functions. They are classiﬁed into 88
genes with putative functions, 38 novel genes, and
57 unknownproteins. The remaining132up-regulated
genes could be assigned a cellular or biochemical
function based on identity or strong sequence homol-
ogy with functionally known genes: cell growth and
division (4 genes), cell rescue, defense and death (21
genes), energy (19 genes), metabolism (45 genes),
protein degradation (14 genes), protein synthesis (7
genes), signaling (19 genes) and transport facilitation
(3 genes). As observed for down-regulated genes, a
variety of genes in the categories cell rescue, defense,
and signal transduction were suppressed earlier than882
Figure 4. Cluster analysis of up- or down-regulated transcripts. Salt/control ratios of signal intensity (pixels) for each transcript at various time
points were converted into log2 ratios for cluster analyses. Cluster analysis was performed using the k-tuple means clustering method, which
relies on pairwise correlation statistics in the cluster software package (Eisen et al., 1998).883
Table 4. Categories of regulated transcripts.
Category Number 1 h 3 h 6 h 12 h 24 h 72 h
Cell growth, division and DNA synthesis up 4 0 3 0 1 0 0
down 7 0 3 3 4 0 0
Cell rescue, defense and ageing up 21 3 15 13 9 7 4
down 13 1 8 5 5 3 1
Energy up 19 0 13 17 6 2 0
down 4 0 1 1 2 3 2
Metabolism up 45 3 29 32 17 15 1
down 26 0 7 23 15 11 7
Protein destination up 14 1 7 10 7 6 4
down 0 0 0 0 0 0 0
Protein synthesis up 7 0 7 4 1 0 0
down 5 0 3 2 2 1 2
Signal transduction up 19 3 13 11 4 2 0
down 12 0 8 3 2 4 3
Transport facilitation up 3 0 3 1 1 0 0
down 14 1 0 1 13 1 1
Unclassiﬁed proteins
Putative function up 88 9 61 40 27 18 6
down 38 4 14 16 17 20 9
Novel up 38 6 33 27 11 8 2
down 18 0 12 5 9 7 4
Unknown proteins up 57 4 43 46 15 9 3
down 20 1 9 5 3 6 2
Total 472 36 292 265 171 123 51
Putative unique genes, up- or down-regulated by salt stress, were assigned to functional categories according to
Blast-X results based on the Arabidopsis MIP functional category assignment (http://mips.gsf.de). Up- or down-
regulation is given for each time point. Among the unclassiﬁed proteins, the category of ‘putative function’
contains genes with predicted function, which have not been characterized in maize or other plants. ‘Novel’
denotes a category labeled ‘no hit’ when searching the GenBank NR protein database. The category ‘unknown
proteins’ contains functionally unknown proteins, predicted proteins and hypothetical proteins from various
organisms.
genesinthe categoriesenergy,metabolismandprotein
destination; 18 of 21 genes in the category of cell res-
cue, defense, and 16 out of 19 genes in the category of
signal transduction were induced at 1 and 3 h, while
most genes in the categories energy, metabolism and
protein destination were up-regulated at 6 h.
Temporal procession of regulated transcripts implies
multiple signal transduction pathways
When the up- or down-regulated transcripts were
sorted based on regulation in time and duration, a
‘hierarchy’ of gene regulation by salt stress became
apparent(Figures 5 and 6). We distinguish ﬁve groups
for 315 up-regulated TUGs based on the time of
initial induction; each category was further grouped
into different sub-categories, 23 in total, according to
induction times as shown in Figure 5.
Twenty-nine TUGs in category 1, termed ‘instant’
responsive genes, were induced after 1 h of salt stress.
The 29 genes were further classiﬁed into ﬁve sub-
categories based on the duration of induction. Five
genes were transiently induced after 1 h salt stress, in-
cludinga serine/threonineproteinkinase(BQ619242),
whose deduced protein sequence has 71% identity
to a protein kinase (CAA73065) from sorghum, and
twoDnaJproteinhomologues(BQ619362,AI947611)
functioningasmolecularchaperonesinE.coli(Arsene
et al., 2000). Seven genes were up-regulated at 1–3 h
of salt stress. Six genes were induced at 1–6 h, in-
cluding a WD domain protein (AI947748) with 72%
identity to an Arabidopsis WD domain protein-like
(BAB02803). Seven genes were up-regulatedbetween
1 and 12 h and 4 genes were up-regulated throughout884
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the 72 h salt stress, including a dehydrin, the RAB-17
protein (BQ619007d).
Termed ‘primary’ response genes are 203 TUGs
that represent different transcripts in category 2,
whose up-regulation was initiated at 3 h stress. These
genes were further classiﬁed into 7 different sub-
categories according to their duration of induction. In
this category, up-regulated genes are involved in var-
ious cellular, biochemical and signal pathways, such
as signal transduction, metabolism, energy production
and cell rescue, defense, and death.
The up-regulation of 53 TUGs in category 3 be-
gan at the 6 h time point, called ‘secondary’ re-
sponse and further classiﬁed into 5 sub-categories in
terms of their expression patterns. Within this cat-
egory, a putative basic leucine zipper (BQ619215),
whose deduced protein sequence has similarity with
the rice clone (BAA87823), was up-regulated at
6 h. One S/T protein kinase (BU493603) was in-
duced between 6 and 24 h. Some proteinase in-
hibitors, such as Bowman-Birk type trypsin inhibitors
(AI649524, AI948199, BQ619464, BQ619328), cys-
teine proteinase inhibitors (cystatin and cystatin I)
(BQ618894, BQ618898, BQ619088, BQ619096,
BQ619374, BQ618960, BQ619010) and a subtil-
isin/chymotrypsin inhibitor (BQ618924, BQ619520),
were induced after 6 to 72 h of salt stress.
Twenty-two up-regulated TUGs (initiated at 12 h)
and eight up-regulated TUGs (initiated at 24 h)
were called ‘late’ responses. Among them, a Cdc2
protein kinase (BQ618983) was transiently induced
at 12 h salt stress. A leucine-rich repeat pro-
tein (BQ619454) and two cytochrome P450 proteins
(BQ618978, AI857222) were induced after 12–72 h.
This group of ‘late’ responsive genes might be in-
volved in the adaptive slow growth of maize plants
under high salinity stress.
Down-regulatedwere 157 TUGs, representing dif-
ferent transcripts, which were classiﬁed into 5 cate-
gories based on the time point of initiation of sup-
pression, and each category is further divided into
sub-categories, 16 in all, according to the duration
of suppression (Figure 6). In category 1, seven genes
were suppressed at the 1 h stress point with 5 of these
genes down-regulatedtransiently. Category 2 contains
63 genes, with suppression starting at 3 h. The expres-
sion of 46 of these transcripts recovered again later.
Suppression of 46 genes (category 3) began at the 6 h
of time point. Nineteen of these transcripts remained
suppressed throughout the 72 h experiment. In cate-
gory 4, 29 genes were suppressed at the 12 h time
Figure 7. Semi-quantitative RT-PCR of selected coding regions. To
monitor for regulation of transcripts by independent means, ﬁve
ESTs were tested by RT-PCR analysis. RNA was derived from an
independent biological repeat of NaCl stress (300 mM NaCl, 24 h).
point; 29transcriptsdeclinedbut 19of them recovered
later. The 12 genes in category 5 were down-regulated
from the 24 h time point on. Figure 7 presents a semi-
quantitative RT-PCR experiment, using RNA from
independently grown maize B73, to test for regulation
of transcript abundance by an independent method.
The ratios of transcript intensity in the comparison
of control and stress time points (24 h for RT-PCR)
agreed within expected limits.
Regulation of components of the photosynthetic
apparatus in maize roots
Transcripts encoding components of the photosyn-
thetic apparatus indicated similar kinetic behav-
ior in response to salt stress in maize roots (Ta-
ble 5). Genes encoding PS I antenna proteins (LHC-
I680, BQ619234, BQ619234c), PS I reaction cen-
ter subunits III (BQ618966d), V (BQ619309e), VI
(AI948302f) and X (BQ619496g) and PS I chloro-
phyll a/b-binding protein type II (BQ619489h)w e r e
transiently induced after 3 h salt stress in maize roots.
Transcripts of the photosynthetic apparatus have been
found in many root cDNA libraries and EST projects,
for example those reported in root ESTs from Med-
icago truncatula (Covitz et al., 1998), and salt stress-
dependent, up-regulated transcripts for componentsof
the photosynthetic light reactions have been seen in
M. crystallinum roots (C.B. Michalowski, M. Dey-
holos and H.J. Bohnert, unpublished). The in vivo887
function of these seemingly leaf-speciﬁc transcripts in
roots has not been characterized. One hypothesis is
that they may be involved in the control of the redox
state under salt stress (Grossman et al., 2001).
Induction and clustering of signal transduction
components
Modulation of protein phosphorylation through pro-
tein kinases and phosphatases generally serves a
switch for the signaling transduction cascade (Smith
and Walker, 1996). The microarray expression analy-
sis indicated that several transcripts encoding protein
phosphatases and kinases were differently regulated
bysalt stress (Table 5). A type-2Cproteinphosphatase
(BQ619513) was transiently suppressed at the 3 h
time point. This maize type-2C protein phosphatase
shows 75% and 68% identity to a predicated phos-
phatase 2C-like protein (CAB40756) and a putative
protein phosphatase 2C (AAD23006), respectively. A
Ser/Thrphosphatase(BQ619458)wasdown-regulated
transiently (3 h). The deduced protein is 82% iden-
tical to the mammalian Ser/Thr protein phosphatase
4 (P33172), which functions as an activator of c-
Rel/NF-kappaB (Hu et al., 1998).
The gene encoding a serine/threonine protein ki-
nase (BQ619242) was induced at 1 h only. The pred-
icated protein shows 71% identity with a sorghum
protein kinase (CAA73065) in the SNFL1 fam-
ily. A protein kinase (BQ619219, BQ619047) was
transiently induced at 3 h. This protein kinase
shows 64% identity with the CBL-interacting pro-
tein kinase 1 (AAG28776). Another protein kinase
(BQ619282), 70% identical to the protein kinase,
PKS6 (AAK26845) was also transiently induced at
3 h salt stress. These two kinases belong to the SOS2
protein kinase family. In Arabidopsis, protein kinase
SOS2 interacts with SOS3, a calcineurin B-like cal-
cium sensor, both in vitro and in vivo (Shi et al., 2000;
Halfteret al., 2000;Qiuetal., 2002).TheSOS3-SOS2
protein kinase complex has been well characterized
and functions in K+ and Na+ homeostasis and thus
affects salt tolerance in A. thaliana (Zhu, 2001, 2002).
Discussion
Physiological responses to high salinity
When maize plants were challenged by high salinity
stress duringthe day, leaves wilted immediatelydueto
an imbalance between water loss by transpiration and
water supply, and the rate of CO2ﬁxation decreased
rapidly (H. Wang and H.J. Bohnert, unpublished;
Kawasaki et al., 2001), following the ABA-mediated
closure of stomata that acts as a protection against
water loss under osmotic stress (Leung et al., 1997;
Leung and Giraudat, 1998; Schroeder et al., 2001).
Cation analyses of leaf and root tissues indicated Na+
accumulationin rootsandloweramountsin theleaves.
Consistent with the measurements of photosynthesis
rate and stomatal conductance, the delayed Na+ ac-
cumulation in leaves could be due to reduced xylem
loading and transport as a consequence of reduced
transpiration (Wang, 2001). This implies that roots
and leaves experience different primary stresses at the
initial stage of high salinity stress. We propose that
within 6 h of salt stress at moderate severity (150 mM
NaCl) during the day, leaves mainly experience os-
motic stress, whereas roots experience both osmotic
and ionic stresses. The conclusion is supported by the
analysis of K+ content, which had signiﬁcantly de-
creased after 72 h in 150 mM NaCl. Long term, the
roots, on which we focus here, remain challenged by
ionic stress.
To deal with ionic and osmotic stresses, plant
roots have to adjust the activities of biochemical path-
ways, signaling and cellular processes to regain and
maintain osmotic and ionic homeostasis by increasing
the levels of compatible solutes (Bohnert and Shen,
1999) and/or Na+ extrusion through plasma mem-
brane Na+/H+-antiporters (Zhu, 2001, 2002), by Na+
compartmentalization into the vacuole via tonoplast
Na+/H+-antiporters (Apse et al., 1999), and/or Na+
export from roots to leaves (Shi et al., 2002). Also,
plant roots under high salinity stress have to deal
with oxidative stress, which is elevated under abi-
otic stresses (Halliwell and Gutteridge, 1999; Asada,
1994), by increasing their ROS scavenging capacity
by the up-regulation of enzymatic ROS scavengers.
Analysisoffreeaminoacidsinthe leavesandroots
indicated changes (Table 3) similar to those reported
before (Saneoka et al., 1995; Yang et al., 1995). Ap-
parently, to maintain osmotic homeostasis, osmolytes,
such as proline and glycine betaine, are accumulated
in the cytosol or organelles, and Na+ accumulation in
the vacuolethroughtonoplastNa+/H+-antiporterscan
also decrease the cellular water potential, supported
by transmembrane proton gradients that are enhanced
by increased activity of H+-ATPases and V-PPases
(Hasegawa et al., 2000; Blumwald, 2000). The values
recordedinourexperimentsindicateamild, non-lethal888
Table 5. Regulation of photosynthesis- and signaling-related transcripts in high salinity.
Accession Gene name Folda regulated by salt stress in microarray analysis Clones (n)b
number 1 h 3 h 6 h 12 h 24 h 72 h
BQ619234c PS I antenna protein-2, LHCI-680 1.2 2.4 1.2 1.1 1.0 1.2 4
BQ619309d PS I reaction center subunit V 1.4 2.0 1.4 1.3 1.1 1.1 3
AI948302e PS I reaction center subunit VI 1.3 1.8 1.7 1.2 1.7 1.3 3
BQ619496f PS I reaction center subunit X 1.4 2.1 1.4 1.1 0.8 0.9 2
BQ619489g PS I: chlorophyll a/b-binding protein
type II 1.2 2.6 1.3 1.2 1.1 1.2 9
AI947633h PS II 10 kDa polypeptide 1.1 2.0 1.6 1.2 1.3 1.3 9
AI947938i chlorophyll a/b-binding protein type II 1.0 1.3 2.0 1.1 1.4 1.6 5
AI947779 chlorophyll a/b-binding protein CP24 1.8 1.7 1.9 1.1 1.4 1.3 1
AI861298j chlorophyll a/b-binding protein II/1B 1.0 1.3 1.6 0.9 1.8 1.8 3
BQ619455k chlorophyll a/b-binding protein 1.0 1.8 1.1 1.0 1.0 1.1 5
BQ619513 protein phosphatase type-2C 1.0 0.5 0.7 0.7 0.7 0.7 1
BQ619458 serine/threonine protein phosphatase 1.0 0.5 0.7 1.3 1.0 1.1 1
BQ619242 serine/threonine protein kinase 1 1.9 1.3 1.6 1.4 0.8 0.8 1
BQ619219l serine/threonine protein kinase 2 1.2 2.2 1.2 1.5 1.1 0.9 2
BQ619282 serine/threonine protein kinase 3 0.9 2.2 1.6 1.3 0.9 1.2 1
aValues for the increase of transcript abundance by salt stress at various time points are the average of all EST clones in a
contig.
bThe number of clones is the number of ESTs in the contig. Genes with the same name in the table represent different isoforms
according to contig analysis.
c BQ619234: BQ619234, BQ619301, BQ619306, BQ619348.
d BQ619309: BQ619309, BQ619399, BQ619469.
e AI948302: AI948302, BQ619533, BQ619339.
f BQ619496: BQ619496, BQ619428.
g BQ619489: BQ619489, BQ619497, BQ619330, BQ619359, BQ619577, BQ619378, BQ619424, BQ619429, BQ619255.
hAI947633: AI947633, BQ619554, BQ619517, BQ619206, BQ619541, BQ619245, BQ619285, BQ619551, BQ619334.
iAI947938: AI947938, AI948201, BQ619259, X68682.
jAI861298: AI861298, BQ618965, BQ619558.
k BQ619455: BQ619455, BQ619288, BQ619289, BQ619295, BQ619376.
lBQ619219: BQ619219, BQ619047.
stress of the plants which should be most pronounced
in roots.
Transcript regulation in high salinity
We investigated global gene expression responses to
salt stress in maize roots, at the level of transcript reg-
ulation, in a time course for up to 72 h after shock
treatment with 150 mM NaCl. The cDNA microarray
slides contained 7943 ESTs, representing more than
4000 unigenes or tentatively unique genes (TUGs).
The expression analysis indicated 611 different ESTs
up-regulated, representing 315 unique genes, and 305
ESTs down-regulated, representing 157 unique genes.
The 916 up- or down-regulated ESTs represented ca.
11% of the 7943 ESTs printed on the slides. The an-
notation analysis of regulated transcripts showed that
76 of 157 down-regulated ESTs (48.4%) and 183 of
315 up-regulated ESTs (58%) encoded functionally
unknownproteins.Furtheranalysisofthese transcripts
for unknown functionswill be necessary to extend our
knowledge of the events that prepare maize plants to
cope with this abiotic stress. While a tendency exists
to focus primarily on up-regulated functions, tran-
scripts that are down-regulated in such experiments,
which have rarely been documented in the past, will
be equally important for our view of the molecular
physiology of salt stress. In this respect, EST- or
oligonucleotide-based microarrays or gene-chips will
be particularly helpful. The magnitude of the changes
in a sample of the transcriptome is probably biased
because most ESTs derived from cDNA libraries from
RNA ofsalt-stressed roots, butiscomparabletovalues
observed in similar experiments with yeast (Yale and
Bohnert, 2001) and rice roots (Kawasaki et al., 2001).
The patterns of regulated genes in terms of tim-
ing and duration revealed 39 distinct gene expression889
patterns (16 for down-regulated genes and 23 for
up-regulatedgenes) under salt stress. Variousgene ex-
pression patterns of regulated genes under salt stress
suggest that multiple signaling pathways seem to be
involved in the adaptive responses to high salinity
stress in maize. Supporting this view is the regulation
under salt stress of various signaling molecules, such
as protein kinases, protein phosphatases, or transcrip-
tion factors (see the supplemental data, Tables S1 and
S3).
Commonality of the regulation of salt-responsive
genes in halophytes and glycophytes
Gene responses to high salinity stress have been stud-
ied in many organisms, bacteria, algae and higher
plants, and plant adaptive responses to high salinity
in halophytes and glycophytes have been compared.
Our knowledge of such adaptive responses, obtained
from cellular, metabolic, biochemical, and molecu-
lar genetics studies, includes detoxiﬁcation of severe
oxidative stress, Na+ ionic detoxiﬁcation, osmotic ad-
justment and the stabilization of protein complex and
membrane (Hasegawa et al., 2000; Zhu, 2002).
What is the difference of gene responses to high
salinity stress between halophytes and glycophytes?
The annotation analysis of the salt-responsive genes
in maize has shown that some well-documented genes
that are up-regulated during salt stress in the halo-
phyticM. crystallinum were also induced in maize un-
der salt stress (Table 1). For example, PEP carboxyk-
inases were differentially up-regulated by salt stress
in M. crystallinum L (Cushman et al., 1989); while
PEP carboxykinases were induced in maize under salt
stress conditions. Myo-inositol 1-phosphate synthase
(INPS1) catalyzes the production of myo-inositol 1-
phosphate(Ins 1-P) from glucose 6-phosphate(G 6-P)
and is induced by salt stress in M. crystallinum (Ishi-
tani et al., 1996). Three isoforms of myo-inositol
1-phosphate synthase (INPS1) were induced under
salt stress in maize. Also pyruvate, orthophosphate
dikinase, PPDK, is induced by salt stress in M. crys-
tallinum L (Fisslthaler et al., 1995), and at least three
different PPDK transcripts were induced by salt stress
in maize. These results suggest that halophytes and
glycophytes might share some common pathways for
the regulation of salt-responsive genes.
The isoforms of PPDK exemplify the class of
transcripts that are constantly up-regulated during the
experiment compared to control plants. Other tran-
scripts in this class are sucrose synthase, caffeoylCoA
O-methyltransferase(AI855218),DNA-directed RNA
polymerase (14 kDa subunit) (AI855231), alcohol de-
hydrogenase (BQ619524), an orthologue of a rice
early nodulin-like protein ENOD93a (BQ619431),
chitinase III (BQ618903), S-adenosylmethionine de-
carboxylase (BQ619367), and several proteinase in-
hibitor proteins. This class encodes functions impor-
tantformetabolicchangesthatareconstantlyrequired,
for example in the mobilization of energy or in de-
fense functions, but, in addition, several transcripts
that encode unknown or novel proteins are also up-
regulated throughout the time course. Examples for
this group are putative transporter (BQ619137), an
isoprenylated protein (BQ619160), or proteins that
are labeled only by their behavior as, for example,
ABA-, cold-, drought-, or salinity-induced in other
organisms. A larger group of transcripts for metabolic
functionsistransientlyup-regulated,anexamplebeing
allene oxide synthase (AI964653), an alanine amino-
transferase (AI947972), and transcripts for several
ROS-scavenging enzymes fall into this class. Changes
in functions associated with translation are also char-
acterized by transient induction. Interestingly, tran-
siently up-regulated or down-regulated transcripts in-
clude several examples for which a function in sig-
nal transduction may be assumed (e.g., up-regulated:
BU493603, a S/T protein kinase) or which encode
transcription factors (e.g., BQ619183, an ethylene-
responsive element-binding protein). A complete list
of the signiﬁcantly regulated transcripts is included in
the supplemental Table S3. The salinity stress condi-
tions chosen in this experiment can be compared to a
similar analysis with rice (Kawasaki et al., 2001). The
concentration of 150 mm NaCl obviously constituted
less stress forcornthanforrice, and, consequently,the
responses of corn were less dramatic but the classes
of regulated transcripts are similar. During salt shock,
even though the transcripts included in our microarray
experiments represent only a fraction of the genes of
these two species, reproducible changes in transcript
abundance reveal very similar functions or putative
functions. The challenge for the future will be to ﬁnd
functions for the nearly 50% of completely unknown
transcripts, and the functions of those transcripts that
are only known in descriptive terms.
Acknowledgements
We thank Christine Michalowski for technical assis-
tance, Dr Shinji Kawasaki for helpful discussions,890
Ryan Kelley for cDNA analysis, and Mark Fredrick-
sen and Donald Shepley for annotation and data cura-
tion. The work was supported by the National Science
Foundation (metabolic engineering program and plant
genomeprogramto H.J.B. and D.W.G. [DBI98-13360
and DBI 02-23905]).
References
Adams, P., Zegeer, A., Bohnert, H.J. and Jensen, R.G. 1993. Anion
exchange separation and pulsed ﬁeld amperometirc detection of
inositols from ﬂower petals. Anal. Biochem. 214: 321–324.
Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z.,
Miller, W. and Lipman, D.J. 1997. Gapped BLAST and PSI-
BLAST: a new generation of protein database search programs.
Nucl. Acids Res 25: 3389–3402.
Apse, M.P., Aharon, G.S., Snedden, W.A. and Blumwald, E.
1999. Salt tolerance conferred by overexpression of a vacuolar
Na+/H+ antiport in Arabidopsis. Science 285: 1256–1258.
Arsene, F., Tomoyasu, T. and Bukau, B. 2000. The heat shock
response of Escherichia coli. Int. J. Food Microbiol. 55: 3–9.
Asada, K. 1994. Production and action of active oxygen species in
photosynthetic tissues. In: C.H. Foyer and P. Mullineaux (Eds.)
Causes of Photooxidative Stress and Amelioration of Defense
Systems in Plants, CRC Press, London, pp. 77–104.
Blumwald, E. 2000. Sodium transport and salt tolerance in plants.
Curr. Opin. Cell Biol. 12: 431–434.
Bohnert, H.J. and Shen, B. 1999. Transformation and compatible
solutes. Scient. Hort. 78: 237–260.
Covitz, P.A., Smith, L.S. and Long, S.R. 1998. Expressed sequence
tags from a root-hair-enriched Medicago truncatula cDNA li-
brary. Plant Physiol. 117: 1325–1332.
Cushman, J.C., Meyer, G., Michalowski, C.B., Schmitt, J.M. and
Bohnert, H.J. 1989. Salt stress leads to differential expression of
two isogenes of phosphoenolpyruvate carboxylase during Cras-
sulacean acid metabolism induction in the common ice plant.
Plant Cell 1: 715–725.
Dejardin, A., Sokolov, L.N. and Kleczkowski, L.A. 1999.
Sugar/osmoticum levels modulate differential abscisic acid-
independent expression of two stress-responsive sucrose syn-
thase genes in Arabidopsis. Biochem. J. 344: 503–509.
Deyholos, M.K. and Galbraith, D.W. 2001. High-density microar-
rays for gene expression analysis. Cytometry 43: 229–238.
Eisen, M.B., Spellman, P.T., Brown, P.O. and Botstein, D. 1998.
Cluster analysis and display ofgenome-wide expression patterns.
Proc. Natl. Acad. Sci. USA 95: 14863–14868.
Ewing, B. and Green, P. 1998. Base-calling of automated sequencer
traces using Phred. II. Error probabilities. Genome Res. 8: 186–
194.
Ewing, B., Hillier, L., Wedl, M.C. and Green, P. 1998. Base-
calling of automated sequencer traces using Phred. I. Accuracy
assessment. Genome Res. 8: 175–185.
Fisslthaler, B., Meyer, G., Bohnert, H.J., Schmitt, J.M. 1995.
Age-dependent induction of pyruvate, orthophosphate dikinase
in Mesembryanthemum crystallinum L. Planta 196: 492–500.
Fowler, S. and Thomashow, M.F. 2002. Arabidopsis transcrip-
tome proﬁling indicates that multiple regulatory pathways are
activated during cold acclimation in addition to the CBF cold
response pathway. Plant Cell 14: 1675–1690.
Grossman, A.R., Bhaya, D. and He, Q. 2001. Tracking the light
environment by cyanobacteria and the dynamic nature of light
harvesting. J. Biol. Chem. 276: 11449–11452.
Halfter, U., Ishitani, M. and Zhu, J.K. 2000. The Arabidopsis SOS2
protein kinase physically interacts with and is activated by the
calcium-binding protein SOS3. Proc. Natl. Acad. Sci. USA 97:
3735–3740.
Halliwell, B. and Gutteridge, J.M.C. 1999. Free Radicals in Biology
and Medicine, 3rd ed. Oxford University Press, Oxford.
Harmer, S.L., Hogenesch, J.B., Straume, M., Chang, H.S., Han, B.,
Zhu, T., Wang, X., Kreps, J.A. and Kay, S.A. 2000. Orchestrated
transcription of key pathways in Arabidopsis by the circadian
clock. Science 290: 2110–2113.
Hasegawa, P.M., Bressan, R.A., Zhu, J.-K. and Bohnert, H.J. 2000.
Plant cellular and molecular responses to high salinity. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 51: 463–499.
Hu, M.C., Tang-Oxley, Q., Qiu, W.R., Wang, Y.P., Mihindukula-
suriya, K.A., Afshar, R. and Tan, T.H. 1998. Protein phosphatase
X interacts with c-Rel and stimulates c-Rel/nuclear factor κB
activity. J Biol. Chem. 273: 33561–33565.
Ishitani, M., Majumder, A.L., Bornhouser, A., Michalowski, C.B.,
Jensen, R.G. and Bohnert, H.J. 1996. Coordinate transcrip-
tional induction of myo-inositol metabolism during environmen-
tal stress. Plant J. 9: 537–548.
Kasuga, M., Liu, Q., Miura, S., Yamaguchi-Shinozaki, K. and Shi-
nozaki, K. 1999. Improving plant drought, salt, and freezing tol-
erance by gene transfer of a single stress-inducible transcription
factor. Nature Biotechnol. 17: 287–291.
Kawasaki, S., Borchert, C., Deyholos, M., Wang, H., Brazille, S.,
Kawai, K., Galbraith, D.W. and Bohnert H.J. 2001. Gene expres-
sion proﬁles during the initial phase of salt stress in rice. Plant
Cell 13: 889–906.
Kiyosue T, Yamaguchi-Shinozaki, K. and Shinozaki K. 1994.
ERD15, a cDNA for a dehydration-induced gene from Arabidop-
sis thaliana. Plant Physiol. 106: 1707.
Kovtun, Y., Chiu, W.L., Tena, G. and Sheen, J. 2000. Functional
analysis of oxidative stress-activated mitogen-activated protein
kinase cascade in plants. Proc. Natl. Acad. Sci. USA 97: 2940–
2945.
Leung, J. and Giraudat, J. 1998. Abscisic acid signal transduction.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 49: 199–222.
Leung, J., Merlot, S. and Giraudat, J. 1997. The Arabidopsis AB-
SCISIC ACID-INSENSITIVE 2( ABI2)a n dABI1 genes encode
homologous protein phosphatase 2C involved in the abscisic acid
signal transduction. Plant Cell 9: 759–771.
Liu, J. and Zhu, J.K. 1998. A calcium sensor homolog required for
plant salt tolerance. Science 280: 1943–1945.
Lockhart, D.J. and Winzeler, E.A. 2000. Genomics, gene expression
and DNA arrays. Nature 405: 827–836.
Noctor, G and Foyer, CH. 1998. Ascorbate and glutathione: keep-
ing active oxygen under control. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 49: 249–279.
Plana, M., Itarte, E., Eritja, R., Goday, A., Pagès, M. and Martinez,
M.C. 1991. Phosphorylation of maize RAB-17 protein by casein
kinase 2. J. Biol. Chem. 266: 22510–22514.
Qiu, Q.S., Guo, Y., Dietrich, M.A., Schmaker, K.S. and Zhu, J.K.
2002. Regulation of SOS1, a plasma membrane Na+/H+ ex-
changer in Arabidopsis thaliana by SOS2 and SOS3. Proc. Natl.
Acad. Sci. USA 99: 8436– 8441.
Rhoades, J.D.and Loveday, J. 1990. Salinity in irrigated agriculture.
In: B.A. Stewart and D.R. Nielsen (Eds.) Irrigation of Agri-
cultural Crops, American Society of Civil Engineers/American
Society of Agronomists, pp 1089–1142.891
Saneoka, H., Nagasaka, C., Hahn, D.T., Yang, W.J., Prema-
chandra, G.S., Joly, R.J. and Rhodes, D. 1995. Salt tolerance
of glycinebetaine-deﬁcient and glycinebetaine-containing maize
lines. Plant Physiol. 107: 631–638.
Schaffer, R., Landgraf, J., Accerbi, M., Simon, V.V., Larson, M. and
Wisman, E. 2001. Microarray analysis of diurnal and circadian-
regulated genes in Arabidopsis. Plant Cell 13: 113–123.
Schroeder, J.I., Kwak, J.M. and Allen, G.J. 2001. Guard cell ab-
scisic acid signaling and engineering of drought hardiness in
plants. Nature 410: 327–330.
Schwark, R. and Grossman, A.R. 1998. A response regulator of
cyanobacteria integrates diverse environmental signals and is
critical for survival under extreme conditions. Proc. Natl. Acad.
Sci. USA 95: 11008–11013.
Shi, H., Ishitani, M., Kim, C. and Zhu, J.K. 2000. The Arabidopsis
thaliana salt tolerance gene SOS1 encodes a putative Na+/H+
antiporter. Proc. Natl. Acad. Sci. USA 97: 6896–6901.
Shi, H., Quintero, F.J., Pardo, J.M. and Zhu, J.K. 2002. The putative
plasma membrane Na(+)/H(+) antiporter SOS1 controls long-
distance Na+ transport in plants. Plant Cell 14: 465–477.
Shinozaki, K. and Yamaguchi-Shinozaki, K. 2000. Molecular re-
sponses to dehydration and low temperature: differences and
cross-talk between two stress signaling pathways. Curr. Opin.
Plant Biol. 3: 217–223.
Smith, R.D. and Walker, J.C. 1996. Plant protein phosphatases.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 47: 101–125.
Stewart, G.R. and Larher, F. 1980. Accumulation of amino acids
and related compounds in relation to environmental stress. In:
B.J. Miﬂin (Ed.) The Biochemistry of Plants, Academic Press,
London, pp. 609–635.
Sutton, G., White, O., Adams, M. and Kerlavage, A. 1995. TIGR
Assembler: a new tool for assembling large shotgun sequencing
projects. Genome Sci. Technol. 1: 9–19.
Tamayo, P., Slonim, D., Mesirov, J., Zhu, Q., Kitareewan, S.,
Dmitrovsky, E., Lander, E.S. and Golub, T.R. 1999. Interpreting
patterns of gene expression with self-organizing maps: meth-
ods and application to hematopoietic differentiation. Proc. Natl.
Acad. Sci. USA 96: 2907–2912.
Wang, H. 2001. Regulation of the plant C1 metabolic pathway and
global gene responses in maize under salt stress. Ph.D. Thesis,
University of Arizona, 245 pp.
Wen, X., Fuhrman, S., Michaels, G.S., Carr, D.B., Smith, S., Barker,
J.L. and Somogyi, R. 1998. Large-scale temporal gene expres-
sion mapping of central nervous system development. Proc. Natl.
Acad. Sci. USA 95: 334–339.
Yale, J. and Bohnert, H.J. 2001. Transcript expression in Sac-
charomyces cerevisiae at high salinity. J. Biol. Chem. 276:
15996–16007.
Yamada, S., Katsuhara, M., Kelly, W.B., Michalowski, C.B. and
Bohnert, H.J. 1995. A family of transcripts encoding water chan-
nel proteins: tissue-speciﬁc expression in the common ice plant.
Plant Cell 7: 1129–1142.
Yang, W.J., Nadolska-Orczyk, A., Wood, K.V., Hahn, D.T., Rich,
P.J., Wood, A.J., Saneoka, H., Premachandra, G.S., Bonham,
C.C., Rhodes, J.C., Joly, R.J., Samaras, Y., Goldsbrough, P.B.
and Rhodes, D. 1995. Near-isogenic maize lines differing for
glycinebetaine. Plant Physiol. 107: 621–630.
Zhu, J.K. 2001. Plant salt tolerance. Trends Plant Sci. 16: 66–67.
Zhu, J.K. 2002. Salt and drought stress signal transduction in plants.
Annu. Rev. Plant Biol. 53: 247–273.